Paper materials are used as the insulation of power transformers. Over time these materials slowly degrade, until they reach a point when they no longer function effectively as transformer insulation, and the transformer has then reached its end of life. The aging rate of paper is affected by temperature, water, oxygen and acids. Investigations have been performed previously on Kraft and Kraft thermally upgraded types of paper. However, a different type of paper used in transformer insulation, Grade 3 presspaper (which contains cotton), has not been extensively tested and compared to Kraft paper. In these experiments we studied the aging rate of Grade 3 presspaper and compared it to our previous studies of Kraft paper. Traditionally, the aging rate of paper has been studied in sealed vessels. The problem with this approach is that the chemical environment within the vessel will change during aging, and so the aging rate will be affected. In our experiment setup we controlled the water and oxygen content to more accurately determine the aging rate. Similarly to Kraft paper, the aging rate of Grade 3 presspaper with the same water content increased with oxygen content in the oil. Life curves were developed based on the water content of the paper and the oxygen content of the oil.
INTRODUCTION
IN our previous work equations for modelling the aging of both Kraft and thermally upgraded paper were given [1, 2] . The motivation for this work was to provide transformer users a tool to estimate the end of life of their assets. In this article we report on the aging of another cellulosic material used to insulate transformer windings, Grade 3 presspaper, which contains cotton in addition to wood cellulose. The Grade 3 presspaper tested conformed to standard IEC 60641-3-2 P.4.3 [3] . The samples investigated were a 50 %/50 % mix of cotton and wood cellulose.
Not much research has been published on Grade 3 presspaper. Despite a thorough literature review only one article on aging was found. McShane et al compared the aging of Grade 3 presspaper heated in mineral and vegetable oil at one temperature, 170 ⁰C [4] . The goal of their experiment was to investigate the relative rate of aging of presspaper in vegetable and mineral oil, not to determine an aging model. Another study focussed on the aging of two types of pressboard, Transformer board TIV (from wood cellulose) and Cotton board [5] . This investigation determined that the aging behaviour was very similar, and that the life of Transformer board is slightly longer, ≈20 %, than that of the Cotton board.
Grade 3 presspaper is a cellulosic material manufactured from a mixture of cotton and wood pulp. It is used by transformer manufacturers as an alternative to standard Kraft paper. An advantage to using a blend is that the paper mill can modify the properties of paper such as strength, smoothness and evenness, dependent on fiber length [6] . Mixing Kraft pulp with cotton improves the mechanical strength of the paper.
Since cotton is also a cellulosic material we assumed that the oxidation and hydrolysis reactions, which degrade Kraft paper reported in [7] [8] [9] , are relevant for describing the degradation of Grade 3 presspaper because on the molecular scale these materials are very similar. These materials are both cellulosic, formed from a large number of polymerized glucose links. The DP of this cotton/wood blend was slightly higher than that of standard Kraft paper (≈1400 DP rather than 1000 -1200). Oxidation and hydrolysis reactions steadily cleave the cellulose polymer chain as the material ages. As the average DP of the material falls its mechanical strength drops. A DP of 200 is usually taken as end of life, when it has lost its mechanical strength [10] .
In this investigation we present the results of aging experiments conducted on Grade 3 presspaper with a water content of 0.5, 1.6 and 2.7 % in mineral oil with low, medium and high oxygen concentration.
REACTION RATE
Emsley and Stevens reported in their review that most published data on cellulose aging can be modelled by a pseudo-zero rate law [11] , i.e. the rate of reaction k is not dependent on the availability of reactants, and is represented by the Ekenstam equation (1) [12] . (1) where DP is the average degree of polymerization per molecular chain. Subscripts 0 and t refer to the DP value at the initial t = 0 and at any time, t. Equation (1) assumes that reaction rate k is constant. Therefore, the fall in DP is linear and thus rate k can be determined from the gradient. Calvini notes that the fall in DP starts to level off during aging [13] . However, the region between DP = 1000 and DP = 200 is fairly linear, and thus a pseudo-zero order reaction equation can be used. Emsley uses a first-order reaction equation to take into account the changing aging rate [8] , where two coefficients, rather than one, are used as shown in equation (2).
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Emsley also related aging rate k to temperature using the Arrhenius relationship (3) . (3) where E a is the activation energy required for the reaction in J/mol, T is temperature in kelvin, R is the gas constant (8.314 J/mol/K) and A is a pre-exponential factor in h -1 . (4) was used to model the fall in DP for both oxidation and hydrolysis reactions, based on a pseudo zero order kinetic equation. Emsley substituted equations (1) and (3) to form this equation [8] , which was used to model the degradation of Kraft and thermally upgraded Kraft papers in [1, 2] . (4) In order to apply equation (4) to a transformer using Grade 3 presspaper the A-values must be found, which was the goal of this research. Despite a thorough literature review we were unable to find published A-values for this material.
CALCULATING PAPER END OF LIFE Equation

INVESTIGATION AND METHOD
One problem with previous paper aging investigations was that the chemical environment was not always kept constant. For instance, both oxygen and water affect the rate of aging yet if the vessel is sealed their concentrations will change, affecting the rate of reaction. In our previous work investigating the aging of Kraft, and thermally upgraded Kraft, a system was designed which would allow the operator to minimize changes in the oxygen content of the oil, and water content of the paper, during the investigation. This was performed by adding oxygen if the level of this gas became too low, or by removing the paper and conditioning to return its water content back to the desired value. This technique is fully described in [1, 2] .
The paper samples were aged in 5-liter glass vessels shown in Figure 1 . The lid was manufactured from stainless steel and included paper sample holders, a water activity probe, ports for adding water and oxygen. The water activity probe measured the temperature and relative saturation of water in the oil. A magnetic stirrer was used to circulate the oil within the vessel. The vessel was placed in an air circulating oven set to the desired temperature. A 2-liter conical flask with a 1-liter rubber bag was used as a conservator for when the oil expands. The conservator was placed outside the oven and the rubber bag was purged with dry argon. The mineral oil (Shell Diala AX) was dried and degassed overnight using vacuum and 60 °C while being stirred. The vacuum was released using dry argon gas. The antioxidant concentration of the oil was 0.19 %, found using method 5.1 of IEC 60666 [14] , and remained unchanged after oil processing. About 30 strips of paper were fixed on a paper sample holders. The properties of the paper (as per the material data sheets) are listed in Table 1 , along with a comparison with grade K presspaper.
The initial water content of the system was obtained by conditioning two lengths of type K pressboard (3 m length x 30mm width x 1 mm thickness) to the desired water content. The pressboards were formed into a coil, dried in the oven for 3 h and then placed on a laboratory balance. The pressboard absorbed moisture from the air and when the water content of the pressboard reached the desired level for the experiment the pressboard was immersed in the oil. Water would then be exchanged between the pressboard, oil and paper samples until equilibrium was achieved. The paper samples were not conditioned before use so that their DP remains unchanged.
The water content of paper in each experiment was controlled by maintaining a relative saturation of water in the oil that is equivalent to the desired water content of paper. The relative saturation of water in the oil was measured using the water activity probe. At constant temperature, thermodynamic equilibrium exists between the oil and paper. The Fessler equation was used to calculate the water content of paper from the water activity of the oil [15, 16] . This method has the advantage that although the solubility of the oil to water may change as the oil oxidizes, the solubility of the oil is not required for the calculation. The water content of paper was also occasionally measured directly using Karl-Fischer for comparison with that provided by the Fessler equation. The water activity of the oil was continuously monitored and adjusted to maintain a constant level. Measured quantities of water were added to experiments which consumed water. For experiments which produced water, either vacuum was used to lower the water content of the oil (and thus the paper), or the pressboard coils were replaced with new reconditioned pressboards.
The oxygen concentration of the oil was measured using a gas chromatograph according to ASTM D3612 [17] . Oxygen is consumed by reactions occurring with both the oil and paper. Once the oxygen content approached the minimum of the required range it was topped up using a glass syringe filled with oxygen.
The DP of the paper samples was measured according to standard ASTM D4243 [18] . The data was processed using software packages Microsoft Excel and Microcal Origin 6.0.
RESULTS
Paper aging experiments were conducted in low oxygen (< 7000 ppm), medium oxygen (7,000-14,000 ppm) and high oxygen (16,500-25,000 ppm). Experiments were conducted at temperatures between 100 and 140 ºC. The water content of the paper was controlled at three levels 0.5, 1.6 or 2.7 %. Controlling the water content of paper using this method assumed that the isotherms of the paper did not change significantly during aging. The isotherms will change, so in order to determine the degree of change we measured the water content of the paper, using Karl Fischer titration, at the beginning and end of aging.
WATER CONTENT OF PAPER
The water content of new and old paper was tested by placing the paper strips in a desiccator, and conditioning the air relative humidity to 11.3 % (using a saturated LiCl solution) and 43.2 % (ambient air) at a controlled room temperature (22 ± 1 °C). In Table 2 it can be seen that the water content of Kraft and Grade 3 are very similar to one another at room temperature. The water content of Kraft and Grade 3 was measured during one aging test, at 100°C, high oxygen and 2.7% paper water content. A discussion on the comparison between Kraft paper, pressboard and the value provided by the Fessler equation was given in [2] . The measured water content of the pressboard, 2.6 %, was found to be very similar to its calculation, 2.7 %. However, the water content of the Kraft paper was found to be less, 2.3 %. It was thought that, as noted by Lundgaard in his investigation [9] , some water had evaporated from the paper during sampling. The water content of Grade 3 was similar to the value for the Kraft paper,
CHANGES IN DP OF PAPER
The changes in paper DP as a function of temperature and paper water content for low, medium and high oxygen are shown in Figures 2 to 4 . Error bars are marked on the graphs, based on ± 2.5 %, in accordance with the likely measurement precision indicated by standard [18] . The effect of water and high oxygen can be seen in these figures. Similarly to the other cellulosic materials, Kraft and thermally upgraded Kraft, the degradation rate of the paper increased with water concentration. The increase in the oxygen content of the oil showed an increase in the aging rate of paper with the same water content and temperature. 
PSEUDO-ZERO ORDER KINETIC MODELLING
The Ekenstam pseudo-zero order approach was used to relate the reaction rate k with the change in DP (1) [12] . Emsley [11] and Lundgaard [9] assumed the fall in DP is linear until it levels off at 200. Consequently, k is the gradient of a plot of 1/DP t -1/DP 0 from 0 to 4, from the start of the aging (DP ≈ 1400) until the DP has fallen to 200. Origin 6.0 was used to plot Figures 5 to 7. The ± 2.5 % error bars used in Figures 2 -4 were used to plot the boundaries caused by measurement precision. Either an interpolation or an extrapolation was performed to determine the aging time when the DP had fallen to 200. Aging rate k was then determined using equation (1) . The calculated aging rates are given in Tables 3 -5 . The calculations for Kraft paper are from [1] and [2] . The higher k of Grade 3, compared to that of Kraft, indicates that it is aging slightly faster under these conditions. 
ANALYSIS OF PAPER AGING
To determine the A-value two methods can be used. The first method is to plot against 1/ , this gives a line of form where the gradient is / and the yintercept is , shown in equation (5). Since is 8.314 J/mol, the gradient should be close to -13,000.
The second method to find the A-value involves the activation energy being known, and therefore equation (3) can be rearranged to calculate A. We used an activation energy of 111 kJ/mol, which has been confirmed by Lundgaard in [9] . Figure 8 shows the ln(k) versus 1/Temperature relationship. The five gradients in Figure 8 were used to find the 95 % confidence limits of the activation energy. Their mean ( ) and standard deviation ( ) were calculated, being -12,722 and 2533 respectively. The 95 % confidence limits were found using 1.96 √ ⁄ , where is the number of observations.
We calculated the 95 % confidence limits of the line gradients to be -10502 and -14943. When multiplied by gas coefficient , we calculated the mean activation energy of this dataset to be 106 kJ/mol. The upper and lower confidence intervals are 124 kJ/mol and 87 kJ/mol. The activation energy of 111 kJ/mol, confirmed by Lundgaard [9] , falls within this range. Equation (3) was used to calculate A-values for each temperature investigated, based on an activation energy of 111 kJ/mol (from [9] ). The range in rate , given in Tables 3  -5 , was used to determine both maximum and minimum Avalues for each condition. The average A-value for each condition of oxygen level and water content, and the tolerance, is given in Table 6 . Table 3 . Pseudo-zero order reaction rates determined from 1/DP t -1/DP 0 versus time relationships for Grade 3 presspaper, low oxygen. Kraft data from [1] . T (°C) Estimated paper water content (%) 0.5 
7.41E+09
±1E09
The A-values for the presspaper are shown in Figure 9 . They are similar, however slightly higher, to those we determined for normal Kraft paper in our previous work, shown in the same figure [1, 2] . The A-values for Kraft were all less than 5 x 10 9 h -1
, whereas under the same conditions the A-values for Grade 3 reach nearly 8 x 10 9 h -1 . The difference between the A-values at high water implies that the reaction rate for Grade 3 is slightly higher than that of normal Kraft paper.
Equations were derived using equation (6) to interpolate Avalues for the different conditions of water and oxygen, where w is the water content of paper in percent. Coefficients B and C were derived for each level of oxygen, given in Table 7 . Upper and lower boundaries for these coefficients were determined based on the range of A-values which were calculated from measurements.
LIFE CURVES
The end of life of the presspaper at a given temperature was calculated using equation (9), where is 1400 and is 200. 
Life curves for the presspaper, at different paper water content, were built using the determined A-values, shown in Figures 10 to 12 . The boundaries for A-values were used to construct error bars in life expectancy. 
EFFECT OF OXYGEN ON LIFE CURVES FOR GRADE 3 PRESSPAPER OF THE SAME WATER CONTENT
The life expectancy of Grade 3 presspaper with the same water content of 1.5 % is compared in Figure 13 . Similar to Kraft paper, oxygen has a clear effect on the rate of aging of paper. It is therefore advisable to minimize the interaction between oxygen and the oil within a transformer. Comparing Grade 3 with normal Kraft paper, Figure 14 , shows that their life expectancy is very similar. The error bars for Grade 3 cross over the traces for Kraft paper. Under low oxygen levels, 0.5 and 2 % water content, their life expectancy is practically equal. At high oxygen levels the life expectancy of Grade 3 was only slightly less than that of Kraft (although still within the error boundary). 
CONCLUSIONS
Relationships between the A-value (pre-exponential factor), water content of paper and oxygen content of oil were developed. Similarly to Kraft and thermally upgraded Kraft, the A-value is significantly affected by the concentration of oxygen dissolved in the oil, and thus the A-value appropriate for the specific system must be used.
The life expectancy of Grade 3 presspaper is very near to that of normal Kraft paper. Under low levels of oxygen the life expectancies were virtually equal. At high oxygen the life expectancy of Kraft was about 30 % longer than that of Grade 3, for instance at 90 °C Grade 3 lasted 1 year, the Kraft paper took 1.3 years to reach end of life.
